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Squat ion It .- 

Change eoa H to cos 0* 

aquation 6: 

Ohange tan 6 to tan 6* 

Bq-aatlon lit ■ . • 

Change tan 8 to tan S*- 

aquations 3, 3, 4» and the first Txpreaaion in 

equation 7 refer to the practical n.lc.s, system. 

In the second expression of equation 7, the authors 
refer to the customary expression in the eleo-^ 
trpstatio system. 
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aquation 1: 

Change cos 8 to cos ^, 

liquation 6: 

Change tan 8 to tan 5, - 

/quation 11; 

Change tan 8 to tan 8. 

Equations 3, 8, 4, and the first expression in 

equation 7 refer to the practical m.k.s. system. 

In the second expression of equation 7, the authors 
refer to the customary expression in the elec- 
trostatic system. 
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Equation 1: 

Change cos 6 to cos 

Equation 6: 

Change tan e to tan 5. 

Equation 11: 

Change tan e to tan S. 

Equations 2, 2, 4, and the first expression in 

equation 7' refer to the practical in.k. s. ^systen. 

In the second expression of equation 7« the authors 
refer to the customary expression in the elec- 
trostatic system. 
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CURING OF RESIN-WOOD COMBINATIONS BY HIGH-FRE(iUENC Y HEATING 
By Arthur R, von. Hippsl and A. G. H. Lietz 

SUMMARY 

The results of an investigation of the curing of 
resin— wood comTj inat ions "by high-f req.uency heating are sum- 
marized in the present paper. The physical facts- pertinent 
to high— f r eq.uency heating are introduced. . The procedure is 
descrihed for measuring dielectr ic constant and Toss from 1 
to 100 mega'cycles , and the results of such measurements are 
given for several species of wood and thermosetting res-ins 
r epr e.s.6ntat ive of those employed in aircr-af-t. The effects 
of humidity, temperature, impregnation, and state of poly- 
merization are demonstrated. Prom these facts the mo&t 
favorable combination of wood, resin, and frequency -range 
may "be selected and a calculation of the heat input ma'y be 
made. Experimental gluing and curing of wood in the f i e I d 
of a 500— watt oscillator is described. In addition to t£e 
experiments relating strictly to high— f r equency heat ing, an 
attempt was made to save time by shortening the impregna- 
tion time and by reducing the setting temperature. 

The results indicate that the high-frequency heating 
process is feasible, flexible, and timesaving. Possibili- 
ties of more extensive application are discussed. _ 



INTRODUCTION 



Vithin recent years combinations of wood and synthetic 

resins have played an , incr eas ingly important role in air- 
craft manufacture. The earliest development was the use of 
resins, such as phenol and urea f ormaldehydes , as adhesives 
possessing superior resistance to deteriorating influences 

of moisture and decay. A series of highly moisture— 

resistant plywoods and laminated wood parts of many kinds 
followed. Later it was discovered that the resins could be 
used aa impregnants and that impregnation increased some 
of the mechanical properties and introduced a large measure 
of dimensional stability. Finally, it was found that 
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resin— impregnated wood" could be compressed at elevated 
temperatures and pressures to a hard, dense maes of spe- 
cific gravity as hi^h as. 1.4 or m.ore. ... 

Certain of the resins employed as adhesivee can "be 
made to "set" at' ordinary temperatures , "but the Ijest of 
them require heat, and even the " cold— se tt ing" adhesivea 
cure more rapidly as their temperatures are increased. 
The impregnants- are almost universally thermosetting. 

Heat is customarily introduced into the wood— resin 
comliination "by pressing between hot plates. Heat flows 
into t'ha mass from the heated surf ace, but , oh account of 
th-e poor heat conductivity of both wood and resin, hours 
may be required to raise the cent-ere of— heavy masses to 
the cur ing ■ temper ature t Furthermore, the surface may have 
1 0 . be-^maintained at a higher temperature than is desirable 
in order that th«- center may be brought to the minimum 
necessary tempe-rature in a reasonable time. Simultaneous, 
uniform, and rapid heating throughout the whole mass is the 
ideal process for res in— impregnated parts , such as propel- 
lers. Selective heating of the bonding layers in glued— up 
stock, irrespective of its -thickness , is desirable in 
laminated or cross— band&d construction. 

Such heating. is possible if the part to be glued or 
cured. is inserted in a high— frequency ' electrical field. 
The heat, inste.ad of being conducted from the outside, can 
be generated inside by making use of the dielectric loss 
of the material. In this way the curing may be accelerated, 
no temper atur-e^gradient is involved, and the heat input 
may be eont"rolled with great f 1-exibility . In addition, 
selective heating of single layers becomes possible if they 
can be made to absorb more field energy than the rest of 
the mas s . 

High-frequency heating, however, can be apjplied in- 
telligently oiily if the interaction can be predicted be- 
tween the electromagnetic field of— the oscillat-xrr and the 
sample; that Is-; if the dielectric constant and loss of ., 
the wood, pf the resin, and of the impregnated material, 
are known. Since such information was not available, the 
research project described herein was set up t"o secure 
this and related inf-nrjtfaf ion. The study is expl-oratory 
rather t han •c ompr She ns ive ; " It attempts to lay the .ground- 
work for further develfepment by gathering information about 
the freq^uency response of representative species of wood 
and types of the'raosettirig resins from which conclusions 
for practical applications may be drawn. The tentative 
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experiments with, alte'red phenolic compounds are indicative 
of the d_ir ept i-oAs, in which the' develo.pnie'nLt' "might E'o^, .The 
pi'b'blem. "of tr eiaVi'ng.. cojaplic,atecL- shapes ■r'eihaTns to' "fa.e splve.d. 
Apparatus, aan' landpui t edly- be- Impr oved' aiid- ni'iich" progress 
pr 013 313 17 can. "be made .in the • •techniq_.ue . of impregnation. 
These ■ detailed investigations are heyond thg., scope of the " 
present r esearch ," 63? " which ' the ' chief ohjectivo is fco:gath.er 
information of a fundamental nature in the shortest pos- 
sible t ime . 

This ■ liHreBt igat ion carr led through in the period from 
April to June 1943 in the Laboratory for Insulaildn Research 
of the Massachusetts In^titiite .of Te.chnolo^y , waS: sponsored 
.by., .and • cotndilc ted with finaiicial ass is.tance, from the National 
Advisory Committee for Aeronautics. 

The authors wish to acknowledge the invaluable assist— • 
ance rendered by Mr', W. B. Westphal in the planning and 
operation of the susceptance— var iat ion eq.uipment and the 
high— f r eq.uency oscillator. Messrs.- J* J, Donovan, D . G", 
Jelatis, and G-. M. Le© 'gave . valuable assistance on special 
problems. Mr. Randolph Charles and Miss Louise Muldoon 
served as able operators, 

ANALYSIS 01" problem' 
The Physics of High— jPr eq.uency Heating ... 



A dielectric material like wood, introduced into, the 

condenser field of an oscillator circuit, produces two 
effects. The capacitance of the condenser increases and 
energy is 'absorbed in the dielectric medium. A more -quan- 
titative description of this situation can be given by 
plotting the current I oscillating through the capacitor 
as a function of the periad.ic voltage V applied (fig. l). 
In an ideal condenser the current precedes V by 90°; it is 
purely a charging current, that serves for reversible 
storage of field energy. The introduction of the dielec- 
tric material increases the current and simultaneously 
diminishes the phase angle 9 between I and V. A loss 
current has appeared in phase with the voltage applied, 
producing a power absorption. Thus, 



W = i V .cos 
• eff -eff 



(1) 
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A dielectric material can cpnsequently "be . charac-^ 
terized by th.6 cliarging and . 1 09 s " curr e nt produced. .under 
standard conditionsi One cubic centimeter of . the . mat e— 
rial exposed to 'a homogeneous f.ield of the intensity E = 

E^e'?"'^ (f ig.. . 3) •■ carr ias a current density (displacement 
current)-. ■ •• : ■ ■ ■ .- .•: 



^ - "TT" 



^ at * at bt\^ u, htj at L - Jcj 



If the dielectric constant e of the medium is constant, 
only a charging current results - • r . 

' as 

^charging = e ' — " J CO e 'E (3) 

ot 

If- € changes with time, that is,- if the' polarization of 
the. .medium needs t.ime .to develop and to. disappear and con- 
s.equently ■ lags b.e.h.ind the f-i.el-d-, a Los6 curre.nt arrises" 

■^loBS = - j^" If = ^'^^ (4) 

A material is therefore described in its dielectric 
behavior by its complex ..dielectric constant ' . 

So = ^' - (5) 
The real dielectr ic .c-onsAa-n.t .£-'• and the loss -tange'nt- • 

(fig, 3) .« ■ ' . \ 

' ' ■ - . « - . ■ 

tan Q = ■ — ■ ■ • ■ (6) 

■•■■€-•'•. . ■ • . 

or.- .£ '. and the die.lectrio . conductivity in - ohm~^— cm"~^' 

■ ' . (7) 



-.€".UJ .= 



60 -X^. 

-cm 



(where ^cm wave leng.th in^ cent imeierai of . itjje. ■ - .- 

oscillator) are two alternative s-ets of parameters char- 
acterizing a dielectric medium. Because the power ab- 
sorbed is given by • •■■ r '■' , , 1 • 

W = Eeff^ a (8) 
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our measurements ■ given hereinafter have, in general, heen 
reported in. e' and . a characteristics. 

'The field strength 'B', " which can he produced hy an 
oscillator, .is . nor mally limit ed "by corona losses and in— 
sulat io.n r.eq.uir ements . It is therefore e^ssent ial , to. ..se- 
lect, .the woods , resins, and method's of • impr egnat i o'n pr.o— 
curing the highest dielectr.ic conduct ivi^ty , The atomistic 
sources of this conductivity are. charge carriers migrating 
in the e-lectrio Tield and dip.oles orienting theies.eaves in 
field- direction. In Tiofh cas'es ' the movement is impeded by 
the surrounding molecules., which a.re t.hr.own out of eq.uilil3— 
ri-um- hy the' mo-tion of . thW c"harges and. .dissipate, ejiergy in 
heat -vibtat ions .' ' ^ 

■ Method of Measur.ing the Complex" Dielectric Constant 

High dielectric conductivity normally means high : 
freq^uency (equation (7)). An upper limit for. the fre— 
q.uency range, however, is set by the size of the condenser 
needed for treating the stock and the power producible at 
shorter wave lengths. In compromising between these re- 
quirements, the frequency range . between land 100 megacycles 
has been selected as- the- most useful one for high-frequency 
heating. 

The dielectric measurements in this ware— length band 
have been made by the method described in reference 1 and 
schematically illustrated in figure 3. A s?.gnal" generator 
is coupled loosely to a resonance circuit', consisting of 
the coil L and three condensers C, Cg , and Cj^ in 
parallel; a resistance R represents t.he resistance of 
.■the coil and wiring. "C" is' a large precision condenser, 
Cg, the sample holder ,'" and • Cjj^, a micrometer condenser 
of about 5 micr 0— micr of arad total ca,p.a.c.i^ance. - Cg is a 

plat, 6 c.ondenser of 2— inch plate di.ameter.; one^ of- the' plates 
fetays in fixed position, the other can be. sef by- a microm- 
eter drive to any distance between Oand-S/lO inch. 

After the sample is inserted, the circuit is tuned to 
resonance by adjusting C. . The resonance voltage 
across Cg is measured by a vacuum voltmeter. The volt- 
age is lowered to. a value ■ V by detuning the- circuit with 
Cjn, The value of T is reached above and below the reso- 
nance frequency (fig. 4); the capacitance change of Cjn 
between A- and B is AC. Aftfer the sample is taken out, 
the circuit is retuned to resonance by diminishing the 
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plate distance of Cg , thus .increasing its air capacitance 
from., Co to. Cg + AG^. By decreasing the oscillator out- 
put, the resonance voltage without sample is adjusted to 
the old value and again lowered by detuning to 7. 

T-he width of the resonance curve between A' and B' 
measured on Oj„ now has the smaller value AOq. By meas- 
uring ACi, ACq , the frequency uu . o:^ t he oscillator, the 
ra,tio Vp/.V, and the capacitance of the condenser without 
sample Cq and with sample Cg + A.Cg ,■ the dielectric 
constant and loss of- the sample can he calculated. 

The dielectric constant is simply given by the ratio 
of the capacitance of- the sampLe holder with and without 
sample 

C„ + AC« A0„ 

0 0 

The conductance G-g produced by the sample follows from 
a discussion of the circuit impedances. 



(jd(AC. - AC„) 




(10) 



The loss- tangent of the sample, according to figure 5 and 
equat-ion (6), determine e" by 

ti G 

tan 6=1,=. : ^ — (ll) 

€ u)(C^, + ACg) 

Only capacitance, changes need be made when the method 
of- reference 1 is used. The errors produced by lead Im- 
pedances are thus reduced to a minimum and the correction 
factors for stray capacitances can be calculated. 

APPARATUS AND MATERIALS 
SampLe Holder with Thermostatic Control 



In order trr-draw conclusions as to the efficiency of 
high— f req.uency heating, it was necessary to Investigate 
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t.lie. dielectric regponBe of the sample at several. "tempera-^ 
turesv -A sample , holder .was • theref or"e cons.tructed which ■• 
made it possible to "heat the-' liiatef ial.;and. to keep it at a 
prescribed temperature level. ' 

figure 6 gives a cross ..section of the apparatus. The 
plate condenser — Pg is" s'uir rounded by a brass jacket 
H, through whx'cji .a.-Ji«a.ted .liquid is jumped. from a thermo— 
stated bath, ; T^e .iioiiidL. circulates* dire-d'tly. over the rear 
of the condense*- plate . P-i t- which is fastened to a bellows 
B and can be .'set .to the des ired 'distance firom .-Pg - by- the 
micrometer screw . M.. . The .electr'dde Pg -is kept insulgtted 
and in fixed position "by spec'iallV' g^'o'tfncC ■(luar t z ' ins.ulat or s 
Q. Plate Pi can be accurately set parallel to Pg by 
adjustment of three .-siir-ings: i S . If the faces -of .-a', sample 
are not exactly parallel, this ' s^r'i'n'g' arrangement allows 
Pi to come to a full contact. The mi cr ome t er" head is not 
fastened to P but jjushes only against the sairface with a 
spherical contact. Backlash" i-s rav-odded.: by; t.he counteract- 
ing spring S. ^_ 

A sample holder of this kind,' b^'si'dtes being a plate 
condenser , acts at higher frequencies as. a network of dis- 
tributed capacitances and ind'ucfailc'es .■ "---In figure 7, the 
equivalent network is indicated. For each frequency the 
values of the dis tr ibjited - parameter s and are 

dif f er ent-; . .but., after finding them for a given frequency, 
a correction curve for that.' frequency ,. which ^ll.ows. t.he 
true capacitance fo.r every setting of the sam'ple condenser 
Cg to be found, "can be 'drawn.'. , . , . - - 

, ■ .Wi,th this sample, holder , temperature runs were made 
up. to about 100° .C ,■ which- i^s the upper tempeLrature limit 
■of the therraostated bath. ' This -series -of. runs 'vais .suff i— 
c tent t 0 : indicat e the'behavior of woodand res in . with ,' ' 
changes in t.eapet'atiir e . , .,. .. '". ' 



Wood ■ • 

Pive types ■ of wood: s'ap' and: red- birch. CBet.tira spp'. ) , 
yellow poplar (Lir i o dendr on- .tu|)ip if exa )', "African mahogany 
(Khaya spp.), and Mexican mahogany (Swietenia s.pp .), com- 
monly used in aircrafo manufacture, were "investigated un— 
impregnated to gain a reliable s t ar t ing . po int for the re- 
search, P or simplicity, these species are hereinafter re- 
ferred to as "sap birch," "red birch," "poplar," and 
"mahogany." In its "dry" state, the material had been 
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heated for 24 hours at 125° C, then cooled in a desiccator 
and weighed immediately.- Any per.oentage of moisture eon—, 
tent reported refers to the increase in weight in compari- 
son with the dry state. The wood was used in disks 2 inches 
in diameter and about l/S inch thick; the saiaplee were flat 
to atout 2/1000. inch and their surfaces wer.« covered with a 
thin layer of vaseline to insure good electrical . contact 
with the electrodes. The v.aseline coating also helped 
simultaneously to staljiltze . the moisture cont'ent over longer 
per 1 qds , ■ 

Res ins ' 

Seven commercial thermosett Ing- phenolic— type resins 
were employed in the investigation: Five were essentially 
impregnants; one, a resin usually employed as d.n adhesive; 
and one, & film consisting of por ous ■ paper impregnated 
with resin. They are referred to by type, aS follows: 

Typjs 

B > impregnant , medium pplymer 

oJ- ■■■■■■ , 

i)l ■ ■ ■ ■ 

ji >- itopregnant , low polymer 

F impregnant- and adhesive, medium polymer 
Gr adhesive, f.ilm: 

RESULTS- AND DISCUS S.ION 
Dielectric Constant and Loss' of Wood as Junction of 
Frequency, Moisture Content, and Temperat-ure 



' In most of the graphs presented, only dielectric 
constant c' • and dielectr.ic conductivity a have been 
plotted; in figure 8, however, a complete example is given 
for all four parameters, dielectr ic constant £' (eq.uation 
(5)), loss factor e" (eq.uat.ion (5)), loss tra:ngent 
tan 9. (equation (6)), and conductivity a (equation (7)). 
Figure 8 shows the response of dry sap birch between 1 and 
100 megacycles; the- dielectric, constant is about 2.2 over 
th* whole range;, .c" ■ .has a flat maximum at §0 raegacyc le a ; 
but a increases continuously because of its proportion- 
ality with (0, 
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A comparison of sap "bircli, red "birch, mahogany, and 
poplar- in figure 9 shows that sap hirch has a value 
slightly higher than the values of the other woods* Water 
ahsorption catises the values of e' a.^^ o to increase 
rapidly; the values for sap hirch are againhigher than 
the values for the other woods, (See figs. 10 and 11.) 

Vhile the preceding measurements give the impression 
of smooth characteristics without modulation, a survey on 
a-more extended fr-^quency scale (fig. 12)'"Sh"ows the exist- 
ence, of' two pronounced regions of dielectr ic- respons e ! ^n 
ahsorpti'oh at very low frequencies disappearing at ahput 
10 , 000. cycles and" a second one with its maximum "between 
10 million and 100 million cycles. The low---f r equency're— 
gion must pro'ba'bly "be ascribed to " int erf ac ial " polariza- 
tion: Ions migrate through the fiher layers, are stopped 
at the "boundaries, and pile up as space charges. tfith" 
increasing frequency the traveling distance of the charge 
carriers ■ shortens , the inter'ior boundaries become unimpor-r 
tant , the space charge effect disappears. The high— frequency 
maximum in the e" cujrve is produced by polar materials 
like water dipoles, tending to orient themselves in field 
direction but lagging behind the driving field strength. 

Figure 13 summafi^es the data for the conductivity as 
function of moisture content and' shows again the advantage 
of using higher frequencies. ■ • ' 

If the dielectric response is measured as a function 
of temperature, a very interesting effect appears! In dry 
woods, the dielectric constant and conductivity increase 
with temperature' (figs. 14 and 15 ) ; in moist wood a very 
marked decrease is observed (figs, 14 to 16). Apparently 
the Water dipoles suffer less friction at higher tempera- 
ture and the loss produced by them moves to shorter wave 
lengths. The losses in dry wood, however, may be produced 
hy polar groups coming at higher temperature to free rota- 
tion. 

The Dielectric Behavior of fiesins 

Except for the dry film, the resins are all used as 
aqueous solutions or suspensions. Typical of the medium 
polymers is' type A, for which the dielectric constant and 
'conductivity in the dry solid form are shown in figure 17 
as functions of the frequency. The losses are low. The 
effec't of temperature on the characteristics of a medium 
polymer (type I") is shown in figure 18, The small decrease 
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in . 4ie l^ctr ic. cons tant .with increaeed tewperatnare is ac- 
companied hy an' increase in conitict iri ty (fig. lS). In. 
the film adhesive (type G) the situation is more complex, 
as . the! cr OS s ing of . the. character istics indicates (fig. 
19). .The pfiper.hase of therfijm may he reeponsihle for 
the complication.- 



Impregnated. Woods 

TJncur ed A study of the curves .of wood and resin 
characteristics would not indicate much of an effect if 
wood yer^ impregnated with resin. i'i.g.ure 20 shows , how- 
ever, that a remarkable increase of dielectric constant 
takes .place when sap birch is treated with type A impreg— 
nant . Th.e water content (max. of— 10 percent) left by:trhe 
impregnation.' pr ocess (commercial process: wood bone-d^yj • 
then soaked in impregnating aglution at- room temper a tnire 
foi* 48 hr and air-dried for 24 hr ) cannot ac c ount . f or • t he 
change, 9,s a Gomparison .between figures 16 and 20 ind i-r - 
cates.. The. effects of. -wood, moisture, and resin are ap— . 
parently no.t additive. 

In the following table are listed the percentages of 
resin impregnant (solids) retained in the wood af-tftr soak- 
ing. Percentages .are based upon the drly. .we ight ■ of the 
wood before impregnation, that~is, wood at »ix- percent 
moisture content. 



Table. I 

Besin Contents . of . Impregnated Wood , Percent 

Resin. . .', ■ Species.. . ... 

Type " Birch. Yellow pop.lar 



A 
B 
0 
D 



B irch. 

23,3 
25 , 9 
25 . 6 
S0.-2' 
. 33.0 



28,1 
32 .5 
29.0 



He^hogany 

22.4 
23 .2 
25.7 



Figure 21 shows the"effect of impregnation of types 
A and D on poplar; figures 22 '.and 23 .coaparti' the effect of 
types A, C, and D on African and Mixi-can mahogany at room 
temperature, A temperature 'incr^^ase on .Impregnated woods 
raises diele6tric constant and logs (f.igs . 2l, 22, and 24) 
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whereas, in moist wood without impregnation, the opposite 
effedt is observed (figB, 14 to 16). The individual ef- 
fects of wood and resin upon the dielectric .propert ies 
are clearly visible; the combinatioil of sap birch fend 
type A resin produces the highest vfeilues , but the general 
effect is the same in every case. 

The state of polymerization of the resin in general 
has little effect upon the characteristics of the impreg- 
nated wood, as a comparison of figures 20 to 24 shows. 
The one apparent exception to this rule .seems to be sap 
birch— tested with type A impregnant, Figure 25 shows how 
closely a medium polymer (type B) and low .polymer, (type E) 
may coincide. The exceptional type A is -included to show 
the extreme deviation from the usual condition.. The' ef- 
fect of temperature on a low polymer (type E) is shown in 
figure 26, with the extreme case again plotted for" com- 
parison. - — — - 

Dielectric measurements apparently yield a very sen- 
sitive measure of the state of polymerization, as figure 
27 indicates. At room temperature the samples age, their 
dielectric constant and loss decrease, and seemingly ap- 
proach after a month the same final value that can be 
reached quickly by moderate heating. . 

All measurements given so far refer to material im- 
pregnated in a commonly employed cycle. This cycle con- 
sists in first drying the -veneers, then soaking them in 
the impregnating bath, and subsequently air— drying or 
force— drying-to the desired final moisture content. It 
seemed possible that a suggested alternative process, pre— 
soaking of the wood in water or .using it completely green 
instead of predrying, might speed up the impregnation 
process and affect the final characteristics.. Some ex- 
perimental runs (fig, 28), presoaking 24 hours in water 
at room temperature and then- impregnating for 12 or 24 
hours in the resin solution, yielded material of lower 
dielectric constant and conductivity.- In tensile strength 
tests, these presoaked panels showed slightly better re- 
sults. 

Before curing, the panels are sometimes prepressed at 
about 70° C to reduce the thickness of the material some 
20 percent. The resulting increase in density produces 
an increase in dielectric constant and loss (fig. 29), as 
is to be expected. 
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Cured.— The diSBlfictric propertied of the cured, 
Impregnated, and compressed material (specific gravity 
13) are given in figures 30 to 32. The c cimbinat ion of 
sap Td ir ch' aild type A resin is again ilsed f oi' determin- 
ing the curves. Figures 30 and 31 refer to two 6etB 
from the same group of closely matched impregnated pan- 
els, the one set being cured in a factory, the other in 
the lahoratdry. In h o th ' cas es the material shows high 
dielectric constant and loss , hut the • order is somewhat 
revetsed, indicating that the- method of handling is of 
some importance. The longer the time internal "between 
impr-egnat ing and curing and t^he older the cured sample, 
th^ lower are, normally, dielectric constant" and loss. 
T-he freshly cured mat erial— appar ent ly contains • appreciable 
quantities of moisture released "by the polymerisation 
reaction, and th« loss of this mdisture with trime makfes 
itself felt (fig. 28), The temperature coefficient re- 
mains positive (fig. 30) for a sample three months old. 
Such panels again increase slightly in dielectric con- 
stant and conductivity in very mois t weather , 



Some Experiments with Special ImpregnantB 

After the wood is cured, the exter-ior pressure can- 
not normall-y he released until the pressure of the water 
vapor in the W6od has been' lowered sufficiently "by cool- 
ing fro avoid rupture.' of t he: " s ample . Other ■fact"ors being 
equal, it is tK4r ef or e , de's irable t o Use resins of low 
setting tempetatuj^le A lower ing-- of the phenol in the 
phenol— formaldehyde resins- may be effected by substitution 
of phenolic compounds /"lifee " cr es ol or re^or cinol . Conse— 
q.uently, a few resin Sfilufiofis were made up containing 1 
molecule of -phenolic ' compound ' t& 1-^. molecules of formal- 
dehyde. . 'r :.■.;.:•.* : ': :-■ "■ J. .. 



Figure 33 gives the dielectric measurements on sap 
birch impregnated with these ■ s oiut ions ;■ the percentage 
refers to the amount • of phenoL replaced by the other 
compound. The cresol cdnt-eht is apparently especially 
effect ive . 

Qualitative measureidents of the setting temperature 
established the following tentative Sequence, arranged in 
the order of fastest^ to slowest setting time: aminophehol, 
resorcinol, phenol, cresol", nit-r ©phenol . 
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Summary of Information &ained' f r oV ' ■ 

Dielectric Measurements 

Figures 8 to 33 give the hasic facts a"b.out the di- 
electric properties of -woods , res ins , and their comhina— 
tlons , which, can be summarized .as - f oliows : 

1. Large dielectric conductivity is des.iraile f or. ' 
high— frequency heating. It can he achieved hy a- proper 
combination of wood and impregnating solution; it in-r' 
creases with frequency. 

2. An impregnated sample, does not represent in its 
dielec'triG respon-se the effect of wood plus .vg.ter.plua 
resin, but a new. entity with appreciably higher losses,. 

3. For. the combination of sap .birch and type A resin 
a dielectric conductivity of 10 - ohm~^ cm~i .at 50 mega- 
cycles (6 m) can be easily reached. This valjae repre- 
sents (equation (8)) for a field strength' of 1£)00 volts 
per centimeter an input of 10 watts, or 2.4 calories per 
second. The same ordex of magnitude holds for other _ 
wood— resin combinations. If the specific heat of the wood 
and resin compressed to twice normal' deng ity is 0.8/ its 
temper^ature can be. .raised 3° C per .second ,or to 150° C. in 
about 45 seconds. This, cDnd,itian' will. , be., about" .t.rue for'' 
the center of the wood; the outer layers will lag some- 
what -behind .on: ac:<?r0-iint . ojf.; ;-tte •hp.p.t, JLp.s._S: Ji.ct thj& e.l.e.ctr.cKLes 
and surr. &undin^B:.> ; -• : ■ • . ., - ^ - 

4. T.h.e-,.c:Kar-acteristics of the lmpreg-nat.e:cl, -an^! .even . . 
of the cured s-ample .change as funo.tipn. of !lt-fm«y Dielec- 
tric constant and conductivity decrease as time passes, 
probably indicating a slow polymerization in the uncured. 
material and a -Ixiss- .of reaction m.pi-sture . in .the cured, 

5. Pres.oaking of the ;.W;0;qd ijist.ead of pre drying and 
the development of resins of lower setting temperature 
might be- considered. Some preliminary experiments in 
this direction are reported, 

6. Dielectric constant and loss provide a sensitive 
indicsitcr of rmbisture content and sta;te af. ^impr egnat i oa 
of the" mater ial . ■ , " ~ ' " ■■ 

7. The temperature coefficient of dielectric con- 
stant and loss are indicative of the condition of a 
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sample: In dry wood it is found to "bs positive, in moist 
wood, negative,- in impreeriated and'iH cu-red wood it in 
again positive. 

Oscillator and Sample Holder for Dielectric Heating 

The f-Toregoing measurements and calculations indi- 
cated that high— frequency treatments should ■measura'bly 
reduce the heating period of wood— resin c omb tna t i one , 
To verify this ' conclus ion and t o ■ e s talD 1 i s h a. few prin- 
ciples, a 500— watt high— frequency oscillator— amplifier ■ 
of a simple and flexible design was devel-oped (fig. 34). 

The driver consist-s of one double— tetrode 815. used 
as a push-ipull oscillator and coupled directly into the 
grids of two power pentodos 8001. These tubes, again in 
push— pull arrangement , were selected because tjiey require 
relatively low input power and allow high frequencies to 
be reached. Differ.ent coil and condenser combinations 
were made to cover' the whole freq-uency range between 1 
aTid 100 me-gacycles. 

The output circuit Was coupled to t-he amplifier stage 
.by fixed lnd,uctive coupling. An i-nduqtance— capacitance 
network., serving as impedance transformer, tranismitted • 
the power from the oscillator to the sample 'through, .a:.... 
coaxial line, A coil across the sample condenser com- 
pensated f or a part of . the *capa<5 itaiice v- ' ■'" . . ^. 

The sample electrpdes were circular ; disks cut-.,from. 
thin copper sheets Vf'ith the sample "between •; them they, 
were inserted into a press ma&B from a 30— ton automobile 
Jack, PorcelaiJi tiles bp,cked by asbest-os provided the 
necessary electrical a&d- heat insulation between pondene— 
er and press, .' 

The temperature of the sample was controlled by a 
thermocouple inserted b.etween layers of the veneer. The 
voltage across the sample was measured with a vacuum 
voltmeter", 

Eesults of the High-Jr equency Tests 

Samples of sap birch and type A resLn sf' inches in 
diameter and 3/ 8 Inch thick subjected tro a field of 600 
volts per centimeter at 35 megacycles could be heated 
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from room temperature to 150° '0 tn about 1 minute. Dur- 
ing the heating the impedance changes and the impedance 
transforming network had to "be regulated to keep a purely 
resistive load. This regulation wasalso necessary if 
the pressure on the sample changed. The use of pressure 
during the preliminary heat ing -per iad ' dO|es not seem ad— 
visa"ble because the wood easily 'becomes overheated in 
local regipns and chars If- the press.ure Is applied 
after the heating period, no fdiiff iculties are encountered. 

After a temperature of 150° Owas reached, about 6 
minutes were required at this temperature under pressure 
for curing and 3 minutes more under pressure without en- 
ergy input for cooling to 80° 0, The total time required 
for a curing cycle in the high— frequency field amounted 
thus to about 10 minutes. Heating and curing in the 
normal commercial cycle for material originally 1 inch 
thick takes about 40 minutes as c'omp^r e d .' wit h 7 minutes 
in the high—frequency field. Thickness is immaterial in 
the high— frequency process. , . 

Figure 35 compares the dielectric properties of the 
" high— f r equency cured" wood with those of the orea— cured 
material and of the impregnated panel before curing. The 
high-frequency process produced a cured material of ouoh 
lower dielectric constant' and Iftss than the normal heating 
cycle. This result seems readily understandable, for 
during the normal heating process the outside is hotter 
than the inner parts? consequently, the resin in the out- 
side layers polymerizes first and traps the water devel- 
oping in the interior during the setting process. In the 
high— frequency case the situation is Just reversed and the 
moisture has a chance to evaporate. On large panels the 
effect may not be so pronounced. 

Tens ile— strength tests of samples of isapi birch anii 
type A resin cured by high frequency and by the standard 
hot— press cycle showed no essential difference between 
the two curing processes. 

In addition t o . high— fr equency curing, a number of 
gluing experiments have been successfully carried out. 
Wood samples several inches thick were glued together in 
15 minutes; the glue layer itself (type 5" or type &) 
could be brought to 150° C in 30 seconds by selective 
heating but required additional time for setting. 
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•;SU&GES T IONS' FOE -PUTUaS) EESliAHOH 



. . The data obta'ined. -in the present investigation 
aer.tainly;- shoxild he supplemented h.y more extensive meas— 
ureme-nts under- acdurate .control oc^. tijcie,. and. fc.erapej7ature 
after impr egnat Lon-. -ifhe facts availahle, however ,• -are 
sufficient to proceed with practical applications. Ex~ 
perimentfi should he undertaken f or curing and mold-ing of 
odd— shape parts like pr opeller . hl^ides . The varia-tion in 
thickness • and.- d'Saisify bf the Jfipbd . pr|5 seats dif-f icult iea 
to the.;.hlgh*r-f rsq.u^-ncy ' pr ocBS s , ] whic.h^may he. overcome, hy 
the proper reaction of the* iitipregnat ing material — its 
losses should diminish while the curing proceeds. In 
' additdbn" ^^olds'- of • % he 'pr o^er ^sh%pe should he .-developed , 
if . necessary j;" to- equiiihrize t'heTfield strength; 

Th6"increase of dieiectric conductivity with fre— 
.;q.uenoy "ohserved •flstkes ' one further dey.e. I Q.p men t feasihle — 
it '^should- =he -posslhle t o c6-ns'-£r.u"6't in. 'laltra— high— f req.uenoy 
„ .gun , p,ort-aUle .and Operated likW 'a ^lia.nd; dri\l, which would 
allow .curl.ng,v gluing., and repairing on •airplanes in tJi« 

£ia.id^ , - ■ ; ■ - .: 



CONCIUS ions 



, ^. Basic inf ormat-ioh'- ah out . cu"r ing of- . r.e s in— wood com— 
^."b inat i ons ■ hy high— f t eq.uency heat|.njg indicates that the 
process is f eas ih le '•f lexihle , aAd tT-mesaving- An energy 
input of ahout 10 watts per cilh ic " cent ime t er of the mate- 
rial is desirahle and can he . pr o duc^'d- wi t h a field strength 
of ahout 6Q0 .volt s pel* cent ime.ter Sft ,ahout 50 megacycles, 
^^be value' "Of- dielectric meas'ur.ements. for .investigating 
J {an-d.,-'C:©.ntr oiling, the pr oper t^ie^s .OLfi woods , re's ths, "and their 
comhinat ions' is •e'stahlishedj. - _ " 

■■ : / \ '■ "\ .. ;.V K...;. " . - • •■ ' ' 

Laboratory for Insulation Research, 

Massachusetts Institute of T-echnology, 
Camhr idgo , . Mass . , July 26, 1942, 



1. Hartshorn, L. , and Ward, W. H. : Measurement of Permit- 
tivity and Power Factor of Blelectrica at Frequencies 
from 10* to-lO" Cycles per Second. Elec. Eng., vol, 
79, no. 479, Hov, 1936, pp. 597-609, 
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Fig. 6 
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